Departments of 'Physiology and 2Pharmacology, School of Medicine, University of California, San Francisco, California 94 143-0444 CHO cells were transfected with cDNAs for all 4 subunits of the mouse muscle acetylcholine receptor (AChR) to obtain a stable cell line (CHO-AR) expressing the AChR on its surface. lmmunoprecipitation experiments established that the AChR contained (Y-and p-subunits assembled with y-and/ or b-subunits.
In addition, one of the toxin-binding sites of the AChR was blocked by a myasthenic serum that specifically recognizes AChR containing the y-subunit. AChR from the CHO-AR cells had the same sedimentation rate, association rate constant for the binding of a-bungarotoxin (aBTX), and the same metabolic half-life as the AChR in myotubes of the mouse muscle cell line C2Cl2. Electrophysiological assay of CHO-AR cells by single-channel recording showed the presence of ACh-responsive ion channels with the characteristics of the embryonic AChR (y = 40 pS, 7 = 5.6 msec). In some patches a smaller conductance channel was also seen that may represent partially assembled receptor. Fluorescence microscopy of fixed, permeabilized cells stained with rhodamine-cr-BTX demonstrated both perinuclear and diffuse surface staining. The expression of fully assembled, functional mammalian muscle AChR in nonmuscle cells will allow detailed investigation of its properties and interactions with other cellular components.
The nicotinic acetylcholine receptor (AChR) is a cation-specific ion channel whose opening and closing is regulated by the neurotransmitter, ACh. The oligomeric receptor is composed of 4 different subunits in the molar ratio OC,@$ that are held together by hydrophobic interactions (Changeux et al., 1984) . In mammalian muscle, the receptor forms densely packed arrays at the crests of the folds of the postsynaptic membrane (Salpeter, 1987) . During development of the neuromuscularjunction, the amount of receptor, its subunit composition, and its distribution on the muscle surface change (Schuetze and Role, 1987) . Although the structure and functional properties of the AChR are now known in great detail, very little is understood of the mechanisms of receptor assembly or of the molecular interactions that control its distribution in the surface membrane.
The recent availability of cDNA clones for the AChR from Torpedo electric organ and from mammalian muscle has made it possible to express the AChR in nonmuscle cells. Fully functional Torpedo and mammalian receptors are formed in Xenopus oocytes, for example, after the injection of an appropriate mixture of receptor subunit mRNAs synthesized in vitro from cDNA (Mishina et al., 1984 (Mishina et al., , 1986 . In combination with in vitro mutagenesis, this expression system has been a powerful tool for the investigation of AChR channel function (Miller, 1989) .
Stable expression of the complete AChR in mammalian cells could allow similar studies of the synthesis and assembly of the receptor and its interaction with other cellular components. Claudio et al. (1987 Claudio et al. ( , 1989 have obtained functional AChR in fibroblasts after introduction of genes encoding Torpedo receptor subunits. A disadvantage of using AChR from Torpedo electric organ, however, is that many of the properties of the protein cannot easily be studied in its native environment so that comparison of its behavior in normal and transfected cells is difficult. In contrast, the physiological and biochemical properties of mammalian muscle receptor have been studied extensively both in intact muscle fibers and in cultures of primary muscle cells or muscle cell lines (Schuetze and Role, 1987) . Expression of mammalian AChR in a nonmuscle cell would allow comparison of its properties to those of the endogenous muscle receptor in the absence of interaction with other muscle proteins. Expression of individual muscle AChR subunits or combinations of them have already been useful in the investigation of the ligandbinding sites of the AChR Merlie, 1988, 1989) . We report here the transfection of Chinese hamster ovary (CHO) cells with cDNAs encoding all 4 subunits of the embryonic AChR and describe the properties of the functional AChR expressed in these cells.
Materials and Methods
Expression vectors. cDNAs coding for the 4 subunits of the mouse nicotinic AChR, were obtained from Drs. J. Merlie and N. Davidson (01, Isenberg et al., 1986; p, Buonanno et al., 1986; y, Yu et al., 1986; 6, LaPolla et al., 1984) . Each cDNA was cloned into a mammalian expression vector ( Fig. 1 ) obtained from Dr. P. Gunning and Dr. L. Kedes (Gunning et al., 1987) . The salient features of this plasmid are (1) the human p-actin promoter, (2) the S-untranslated region and first intron of the P-actin gene, and (3) a neomycin-resistance gene under control of the SV2 promoter. Cell culture. CHO-DUKX-Bl cells (Urlaub and Chasin, 1980) , deficient in the enzyme dihydrofolate red&tase (EC 1 S. 1.3), were obtained from the Tissue Culture Facilitv at UCSF and were maintained in Ham's F-12 medium with 10% fetal calf serum. C2C12 myoblasts were grown in DME-H 16 with 20% fetal calf serum and 0.5% chick embryo extract Figure I . Restriction map of expression vector used for transfection. The vector is further described in Materials and Methods and in Gunning et al. (1987) .
(Gibco, CA) and were induced to differentiate by serum deprivation as described previously (Inestrosa et al., 1983; Ralston and Hall, 1989) .
Transfection of CHO cells. Transfection of CHO cells was performed by the calcium phosphate method (Wigler et al., 1979) . Briefly, 10 pg of each plasmid DNA was added to 250 mM CaCl,: this was mixed with an equal volume of HEPES-buffered saline and a fine precipitate allowed to form. The DNA-calcium phosphate precipitate was then added to lo6 CHO cells in a 10 cm dish and incubated at room temperature for 30 min. After the addition of 15 ml medium, the cells were incubated for 4 hr at 37°C and the medium replaced for 5 min with medium containing glycerol (20% vol/vol). The cells were then selected in medium containing 0.4 mg/ml G418 (Gibco, CA). The cells were maintained in selective medium for 7-10 d. Individual clones were isolated by means of cloning cylinders and subcloned by limiting dilution in a 96-well plate.
Analysis of RNA. Cytoplasmic RNA was extracted by the method of Favaloro et al. (1980) . The RNA was quantitated spectrophotometritally and stored at -70°C under 70% ethanol. Twenty micrograms of each RNA were separated on a 1% formaldehyde-agarose gel and transferred to a Nylon membrane by capillary action (Fourneyet al., 1988) . The membrane was prehvbridized in 6 x SSC. 50% formamide. 0.1 mg/ml denatured salmon sperm DNA, 1 x Denhardt's solution 0.1% SDS, and 10% dextran sulfate at 42°C for 2 hr and, after add&on of the appropriate random primer-generated [&*P]-dCTP-labeled cDNA probe (1 x lo6 cpm/ml) to this solution, hybridized for 14-16 hr at 42°C. The membranes were then washed t&e at 25°C in 2 x SSC, 0.1% SDS. and once at 55°C in 0.2 x SSC. 0.1% SDS. In exoeriments in which synthetically transcribed subunit'mRNAs were probed with the cDNAs for the 3 other subunits the signals were about loo-fold lower under the above hybridization conditions (data not shown). The membranes were then exposed to an X-ray film with an intensifying screen at -70°C.
Zmmunoblots. Confluent cells were washed 3 times with ice-cold PBS, taken up in the last wash and pelleted by centrifugation. The pellet was solubilized in 0.2 ml 50 mM Tris-HCl (pH 7.4) buffer, containing 1% Triton X-100,50 mM NaCl and protease inhibitors (Brockes and Hall, 1975) . The extract was centrifuged to remove insoluble material and incubated with the appropriate antibodies to precipitate AChR subunits. Monoclonal antibodies 6 1 and 124 (Tzartos et al., 198 1; Gullick and Lindstrom, 1983) were used for the (Y-and b-subunits, respectively, and mAb 88B was used for the y-and s-subunits (Froehner et al., 1983; Gu and Hall, 1988) . In addition, subunit-specific antisera were used for yand d-subunit detection (Gu and Hall, 1988) . The immunoprecipitates were subjected to SDS-PAGE and immunoblotting as described (Gu and Hall, 1988) .
1*5Z-cu-bungarotoxin(i25Z-mBTX) binding assays. Two types of assays were performed to quantitate AChRs in both C2 and CHO-AR cells. First, surface AChR was determined by incubation of cells in culture medium containing 10 nM 1*51-(rBTX for 90 min at 37°C. Nonspecific binding was determined by the inclusion of 1 PM unlabeled (uBTX. To determine total and surface receptor on aliquots of the same cells, the cells were incubated in the presence of Y-LuBTX as described above.
After washing the cells 3 times in PBS, they were dislodged, pelleted by centrifugatiou, and counted in a gamma counter to determine surface AChR. The oellets were then solubilized in 1% Triton X-100 (Brockes and Hall, 19?5) , and various amounts of the soluble fraction were mixed with a further 'aliquot of 'WorBTX to a final concentration of 50 nr+r and 50 ~1 of oacked mAb 88B-Seoharose beads. Parallel incubations . _
were performed without the addition of 1251-olBTX in order to calculate the efficiency of the immunoprecipitation and the linearity of the assay. Next, the mixtures were agitated for 2 hr at 4°C and the binding was terminated by washing the beads 3 times in Triton buffer supplemented with 1 M NaCl. The beads were then counted in a gamma counter. After correcting for the efficiency of the immunoprecipitation, these values give a measure of total and surface receptor. The difference between the 2 equals the amount of internal receptor. Another measure of internal receptor was obtained by a similar assay except that the intact cells were incubated with 10 nM unlabeled olBTX. The results obtained by the 2 methods were the same, and the assay was linear with respect to receptor quantity over a wide range (not shown).
Other procedures. Velocity sedimentation of labeled AChR was performed with a 5-20% sucrose gradient as previously described (Black et al., 1987) . CHO-AR and C2 myotubes were fixed, permeabilized, and stained with rhodamine-conjugated cvBTX as previously described (Gu et al., 1989) . Protein was assayed by the method of Bradford (1976) ; BSA was used as a standard.
Electrophysiological methods. The activity of single ACh receptor channels was recorded from cell-attached and from outside-out patches on the surface of CHO-AR cells as described by Hamill et al. (198 1) . Patch pipets were pulled in 2 steps from Boralex hematocrit pipet (Rochester Scientific) coated with Svleard (Dow Coming), and fire-polished with a microforge. Pipets had resistances of4-6 MQ with standard saline in the pipet and isotonic potassium-aspartate in the bath. Current signals were recorded with a List EPC-7 patch-clamp amplifier. Current signals recorded at a constant holding potential were stored on video tape. All recordings were done at room temperature (21-25°C). Standard saline contained 150 mM NaCl, 5 mM KCl, 1 mM MgCl,, 2.5 mM CaCl,, 10 mM HEPES, and 17 mM glucose. The pH was adjusted to 7.5 with tetraethylamonium hydroxide and the osmolarity to 320-330 mOsm with glucose. Acetylcholine chloride, carbamylcholine chloride, and curare (Siama) were stored at 0°C as 1 mM stock solutions in normal saline. The barhing solution was an isotonic potassium solution (K-aspartate). containing 5 mM MgCl,, 10 mM K-EGTA, and 10 mM HEPES. The K-aspartate bathing solution was used to zero the resting potential of the cell such that the patch potential was identical to the applied voltage command. This was verified by the single-channel current-voltage relationship measured after patch excision, which was not measurably different from that obtained prior to excising the patch. The K-aspartate bathing solution produced no detectable signs of cell deterioration.
Current records were stored on video tape and replayed onto the hard disk of a PDP 1 l/73 laboratory computer (Indec Systems, Sunnyvale, CA) for analysis after filtering with an 8-pole Bessel filter (-3 dB). For the analysis of channel kinetics, current records were filtered at 2 kHz and digitized at 10 kHz. For the plotting of current records, the data were either filtered at 0.5 or 1 kHz and digitized at 2.5 or 5 kHz,
Figure 2. Staining of C2 and CHO cells with rhodamine-a-BTX. C2 myotubes, untransfected CHO or transfected CHO cells (CHO-AR9 and CHO-AR42) were grown on glass coverslips, fixed with paraformaldehyde, permeabilized with saponin, and stained with rhodamine+BTX as described in Materials and Methods. Representative areas of each slide were photographed on a fluorescence microscope.
respectively. The open channel level was manually set with cursors on the computer display. Channel open and closed times were determined with a threshold set at half the amplitude of the unitary current (Colquhoun and Sigworth, 1983) . From the idealized reconstruction of open and closed intervals, histograms of open times were constructed. A maximum likelihood fitting routine was used to fit open time histograms as a sum of exponentials of the form where a, represents the area of the ith component (Z a, = 1) and t, its time constant (Colquhoun and S&worth, 1983) . Events that were twice the sampling interval were excluded from the histograms, and a correction for missed events was made during the fitting procedure.
Results
CHO cells were transfected with a mixture of 4 mouse AChR subunit cDNAs contained in separate copies of an expression vector that confers neomycin resistance on mammalian cells. After growth in selective medium, 48 clones were isolated and screened for the expression of '*SI-LUBTX binding on the cell surface. Two of the clones (AR9 and AR42) bound aBTX at about 10% of the level observed with C2C 12 myotubes (Table  1) . Clone AR42 was subcloned twice to give a line designated CHO-AR that was used for all subsequent experiments.
Binding of aBTX to individual cells was visualized in fixed, (Fig. 2) . Dense patches of AChR, such as those seen in C2 myotubes, were not seen.
AChR subunits Several types of experiments were performed to determine whether the toxin-binding activity found in the transfected cells represented AChR containing all 4 subunits. We first used Northem blot analysis to test for expression of each of the 4 mRNAs. After electrophoresis and transfer to a Nylon membrane, total RNA, prepared from C2 myotubes or from CHO-AR cells, was hybridized with 32P-labeled cDNA fragments coding for the mouse LY-, p-, y-, and &subunits (Fig. 3) . For each of the subunits a single major band was seen with CHO-AR mRNA that was approximately the same size as that seen with C2 mRNA. When equal amounts of total RNA were compared, the intensities of the bands from CHO-AR cells were l-2 times as intense as the same bands from C2 RNA. In shorter exposures of the autoradiogram shown in Figure 3 , the 6 band in the CHO-AR RNA appeared as a doublet, probably reflecting the presence of more than one polyadenylation signal.
To detect individual subunits of the AChR, CHO-AR cells were extracted with detergent and the extract immunoprecipitated with monoclonal antibody mAb 88B (Froehner et al., After the membranes were washed, they were exposed to X-ray film at -70°C for l-2 d.
1983) which recognizes predominantly the 6-and, to a lesser extent, the y-subunit of the muscle AChR (Gu and Hall, 1988) . Parallel immunoprecipitations were performed on extracts of C2 myotubes and of transfected CHO cells (CHOa7), which express only the a-subunit of the AChR (Forsayeth and Hall, unpublished observations). Each of the immunoprecipitates was separated on SDS-PAGE, transferred to nitrocellulose and immunoblotted with antibodies to each of the 4 subunits. MAbs 6 1 and 124 were used to detect the (Y-and P-subunits, respectively (Tzartos et al., 198 1; Gullick and Lindstrom, 1983) ; mAb 88 and subunit-specific antisera were used to test for the y-and s-subunits (Gu and Hall, 1988) . As shown in Figure 4 , (Y-and P-subunits were detected in the immunoprecipitates from both C2 myotubes and CHO-AR cells, but not in that from CHOa7 cells. Because the extracts were immunoprecipitated with an antibody to the G/y-subunits, both (Y-and P-subunits in CHO-AR42 cells must thus be associated with the 6-and/or the r-subunits. Densitometric scanning of the (Y-and P-subunit bands confirmed that the ratio of cr to p was the same in C2 and CHO-AR blots. Attempts to detect y-and b-subunits directly with either mAb 88B or antisera specific for the y-or &subunits (Gu and Hall, 1988) were unsuccessful. Because of their susceptibility to proteolysis (Gullick and Lindstrom, 1983) , the y-and d-subunits have also been difficult to detect in muscle cells (Merlie and Sebbane, 198 1; Gu and Hall, 1988) .
Indirect evidence indicated that the y-subunit was part of the assembled AChR. A myasthenic serum that specifically blocks toxin binding to 1 of the 2 sites of the mouse muscle AChR has recently been shown to bind only to AChR containing y-subunit (Gu and Hall, unpublished observation) . The antiserum presumably blocks toxin binding to the a-subunit that neighbors y (Blount and Merlie, 1989) . After CHO-AR cells were preincubated with this serum, binding of 'Y-aBTX was reduced by 44%; the comparable figure for C2 cells was 40% (Table 2 ). In contrast, nonimmune serum had only a slight effect on toxin binding in both cell lines. We conclude that the Fraction number (open circles) were incubated with 10 nM lZsI-aBTX for 90 min at 37"C, washed 3 times with PBS, and then solubilized in 1% Triton X-100. After centrifugation, the extracts were applied to a 5-20% sucrose gradient and centrifuged at 130,000 x g for 14 hr. Fractions of 100 ~1 each were taken from the bottom of the gradient and counted in a gamma counter. The arrow indicates the location of a 6.3s size marker (alkaline phosphatase).
AChR expressed on the surface of CHO-AR cells contains the y-subunit.
Biochemical properties of the AChR
The toxin-binding activity expressed on the surface of CHO-AR cells was further characterized by sucrose density sedimentation. Receptors on the surface of C2 myotubes and CHO-AR cells were labeled with lZSI-aBTX, solubilized and applied to a 5-20% sucrose density gradient (Black et al., 1987) . The toxinreceptor complexes from both C2 and CHO-AR cells migrated to identical positions in the gradient, corresponding to approximately 9s (Fig. 5) . By this criterion, the AChR appears to be similar in size and shape to the fully assembled receptor normally found in C2 cells. The conclusion that the CHO-AR AChR represents fully assembled receptor is supported further by examination of the association rate constants for lZ51-otBTX binding to C2 and CHO-AR cells. When initial rates of association of *Z51-~BTX with the surface receptor were determined, a value for the rate constant of 3.5 x lo4 M-I see-' was obtained for CHO-AR cells, and of 2.4 x lo4 M-I set-I for C2 myotubes. The initial rate of toxin binding in both cases was decreased more than 90% by 1 mM d-tubocurarine (data not shown).
Regulation of the surface receptor The proportion of total AChR expressed on the surface of CHO-AR cells was determined by comparing lZ51-otBTX binding to intact cells with that seen in whole-cell extracts. In both cases, the toxin-receptor complex was immunoprecipitated with mAb 88B, so that only assembled AChR, and not unassembled a-subunit, would be measured. Internal AChR was also determined by measuring Y-olBTX binding to extracts of cells that had previously been incubated with unlabeled toxin to block surface Cells were pretreated with myasthenic serum (4 mg/ml) for 2 hr at 37°C in medium that was otherwise serum-free or with 6 rnM sodium butyrate overnight at 37°C or placed in a 30°C incubator overnight. Nonimmune human serum had no effect on toxin binding to either C2 or CHO-AR cells. They were then incubated with lzSI-olBTX for 90 min at 37°C as described in Table 1 23% of the total receptor, a value similar to that seen with C2 myotubes. We next examined the metabolic half-life of the surface AChR. Because AChRs on the surface of CHO cells presumably lack interactions with the cytoskeleton or extracellular matrix that are normally found in muscle cells, we were interested to compare the metabolic turnover of surface AChRs expressed in the transfected cells with that of muscle cells. Surface AChRs in CHO-AR cells and C2 myotubes were labeled with 1251-otBTX and the amount of toxin-receptor complex remaining associated with the cells was determined as a function of time.
The half-life of the complex was about 11 hr in the C2 myotubes and 13 hr in the CHO-AR cells (Table 3) . Fibroblasts transfected with cDNA for all 4 Torpedo subunits express surface AChR at 28-3O"C, but not at 37°C. Moreover, surface expression was increased by incubating the cells in sodium butyrate (Claudio et al., 1987) . We observed generally similar effects with CHO-AR cells. Decreasing the temperature from 37 to 30°C resulted in an approximately 2-fold increase in surface toxin-binding activity, whereas sodium butyrate caused about a 3-fold increase. Surface AChR in C2 cells was decreased by both treatments (Table 2) .
Physiological properties of the AChR Mouse muscle AChRs have been extensively studied by electrophysiological methods (Maricq et al., 1985; Sine and Steinbath, 1986; Brehm and Kullberg, 1987; Henderson et al., 1987; Jackson, 1988) . Thus, it is possible to compare in detail the functional properties of AChRs in CHO-AR cells with those in lZSI-olBTX (M-I set-I) 2.4 x lo4 3.5 x 104 Half-life (hr) 11 13
Percent internal AChR was determined as described in Materials and Methods. Each value represents the mean value obtained from 2 separate experiments. The metabolic half-life was determined as described in Gu et al. ( 1985) . The association rate was calculated from the slope of the function: kf = l/R,-T,ln(R,T/T~], where R, is the initial AChR concentration (2.67 fmol/well); r,, the initial toxin concentration; R and r, respective parameters after time t (in set) . et al. * Acetylcholine Receptor Expression C -2 . . C2 cells. In cell-attached patches with normal saline and 200 nM ACh in the patch electrode, unitary currents through the ACh receptor appeared as discrete steps of inward current at negative membrane potentials. An example is shown in Figure  6A . Amplitude histograms of open channel transitions show a single class of events (Fig. 6B) whose single-channel currentvoltage relationship gave a slope conductance of 40 pS (Fig. 6C ). For this same recording, the histogram of channel open times is well described by single-exponential distribution of time constant 5.6 msec (Fig. 60) . In a recording with 5 mM carbachol in the patch electrode, the time constant was 1.1 msec (data not shown). The single-channel open times and conductances are in excellent agreement with those described for the embryonic form of the ACh receptor channel expressed in developing skeletal muscle of rat and mouse (Siegelbaum et al., 1984; Brehm and Kullberg, 1987; Henderson et al., 1987) , in C2 cells (Maricq et al., 1985) , and in Xenopus oocytes (Mishina et al., 1986) .
Channel sensitivity to ACh was tested using inverted, outsideout patches, in which the extracellular surface of the patch faces the bathing medium. Prior to the addition of ACh to the bath, channel activity was not observed (Fig. 7A ), but could be observed within 1 minute of ACh addition (Fig. 7B ). Subsequent addition of 200 nM aBTX to the bath diminished channel activity to barely detectable levels (Fig. 7C) . In similar recordings, ACh-activated channels were silenced after the addition of lo-100 mM curare (data not shown). The physiological results taken together strongly suggest that the major class of AChRs expressed on the surface of CHO-AR cells is fully assembled receptor of the embryonic type.
In some cell-attached patches, channels with a smaller conductance were seen. These channels were detected neither in the absence of cholinergic agonists nor in untransfected cells. An example of a patch containing both the 24 pS channel and the more common 45 pS channel is shown in Figure 8 . With 100 mM carbachol in the patch pipet, the mean channel open time of the smaller channel shown in the patch was best described as a single-exponential distribution with a time constant of 1.5 msec compared to 2.0 msec for the larger conductance channel.
The 24 pS channel displayed bursting behavior at high agonist concentration as did the larger conductance channel. As this channel was present in less than 5% of the patches observed, its properties were not extensively studied.
Discussion
The aim of our experiments was to obtain expression of the mammalian muscle AChR in nonmuscle cells and to compare its properties with those ofthe protein in its native environment. After transfection of CHO cells with a mixture of the 4 cDNAs coding for the subunits of the mouse muscle AChR in a plasmid containing a selectable marker, 25% of the resulting G418-resistant clones were shown by Southern analysis to contain all 4 cDNAs (data not shown). Approximately 6% of the clones expressed cvBTX binding activity on the cell surface. Northern analysis of one of these clones (CHO-AR42) revealed the presence of mRNAs for all 4 subunits at levels that were comparable to those seen in C2 myotubes.
Several lines of evidence suggest that the toxin-binding activity on the surface of CHO-AR cells represents full assembled AChR containing all 4 subunits. First, mAb 88B, a monoclonal antibody that recognizes the a-subunit with high affinity and the y-subunit with lower affinity, precipitated both bound toxin and cy-and P-subunits. Thus, 6-and/or y-subunit must be associated with o(-and P-subunits in the transfected cells. The presence of y-subunit in the AChR expressed by CHO cells is also indicated by the susceptibility of one of the toxin-binding sites to blockage by a myasthenic serum. The specific site recognized by the antibody acquires its specificity by association of the o(-with y-subunit Blount and Merlie, 1989; Gu et al., unpublished observations) . Second, the toxin-binding activity on the surface of CHO-AR cells had the same sedimentation constant as the AChR from C2 cells, indicating that the AChR in CHO-AR cells has the same size and shape, as well as the same association kinetics for the toxin-binding reaction, as the native AChR. Finally, the AChR in CHO-AR cells is fully functional, with properties similar to those seen in muscle cells.
Approximately 70% of the total AChR in CHO-AR cells represented surface receptor, similar to the value found in C2 myotubes. Thus, CHO-AR cells apparently transport the assembled AChR to the surface with normal efficiency. In contrast to C2 myotubes, the amount of AChR expressed on the surface of CHO-AR cells was increased by sodium butyrate and by incubating the cells at 30°C rather than at 37°C. Similar effects have been seen in transfected fibroblasts that express the Torpedo AChR (Claudio et al., 1987) and in COS cells expressing all 4 Torpedo subunits (S. Verrall, J. Forsayeth, and Z. W. Hall, unpublished observations). In the absence of these treatments, the AChR is not detected in the transfected fibroblasts but is found in CHO-AR cells at a level that is about 10% of that found in C2 myotubes (Table 1) . Thus, the properties of the AChR in these cells can be examined under physiological conditions. It is also worth noting that, in contrast to the original observation of Gorman et al. (1983) , it does not appear to be necessary to include butyrate in the transfection procedure in order to obtain an effect subsequently.
Examination of the metabolic turnover time of the AChR in CHO-AR cells was of interest because of the possibility that muscle-specific interactions with the cytoskeleton or extracellular matrix might affect the turnover of the AChR in the membrane. In fact, the rate of degradation of surface AChR in CHO-AR cells was almost identical to that seen in C2 cells, suggesting that in neither case were such interactions important in determining the half-life of the receptor in the membrane. Our results, of course, do not exclude the possibility of an interaction between the AChR and some ubiquitous cellular protein(s). It was also of interest to note that the surface AChR in CHO-AR cells was not aggregated in large clusters such as those seen in C2 myotubes. It will be of interest to determine if cotransfection with other proteins or the addition of clustering factors such as agrin will stimulate AChR clustering in CHO-AR cells.
The physiological properties of the mouse muscle AChR expressed in CHO-AR cells can be compared to those of the vertebrate muscle AChR in situ, which have been well described. The channel open times and single-channel conductances are in excellent agreement with those measured in developing skeletal muscle and in C2 myotubes (Siegelbaum et al., 1984; Maricq et al., 1985; Brehm and Kullberg, 1987; Henderson et al., 1987) . Channel activity is blocked by d-tubocurarine and in the presence of high agonist concentrations shows the burst kinetics characteristic of the desensitized AChR (Sakmann et al., 1983) . In about 5% of patches, a second channel with single-channel conductance of 24 pS was seen. Channels of similar size have recently been reported in developing Xenopus muscle and in Xenopus oocytes injected with mRNA for o(-, p-, and F-subunits (Kullberg et al., 1990) . This channel type thus could represent misassembled receptor containing only 3 of the subunits. Experiments in this laboratory with transfected COS cells have shown that toxin binding can be expressed on the surface after transfection with 01-, /3-, and y-subunit cDNAs (unpublished observations).
In summary, the mouse muscle AChR expressed in transfected CHO cells has the pharmacological, electrophysiological, and metabolic properties of the receptors normally found in C2 cells. Such transfected cell lines will be valuable tools in the et al. _ study of the processes of AChR synthesis, assembly, and transport to the surface.
